A new strategy for starter culture rotations was developed for a series of phage-resistant clones genetically derived from a single strain of Lactococcus lactis subsp. lactis. Phage-resistant derivatives carrying different defense systems were constructed via conjugation with various plasmids encoding abortive infection (Abi/Hsp) and/or restriction and modification (R/M) systems of different specificity. The plasmids included pTR2030 (Hsp+ R+/M+), pTN20 (Abi+ R+/M+), pTRK11 (R+/M+), and pTRK68 (R+/M+). Selected phage-resistant transconjugants or transformants were evaluated in different rotation sequences through cycles of the Heap-Lawrence starter culture activity test in milk contaminated with phage and whey from the previous cycle. When used in consecutive sequence, derivative strains carrying the R/M systems encoded by pTN20, pTRK11, and pTRK68 retarded phage development when the initial levels of phage contamination were below 102 PFU/ml but not when levels were increased to 103 PFU/ml. Use of a derivative bearing pTR2030 (Hsp+ R+/M+) at the beginning of the rotation prevented phage development, even when the initial levels of phage contamination were high (106 PFU/ml). Alternating the type and specificity of R/M and Abi defenses through the rotation prevented phage proliferation and in some cases eliminated contaminating phages. A model rotation sequence for the phage defense rotation strategy was developed and performed successfully over nine cycles of the Heap-Lawrence starter culture activity test in the presence of high-titer commercial phage composites. This phage defense rotation strategy is designed to protect a highly specialized Lactococcus strain from phage attack during continuous and extended use in the dairy industry.
Studies on phage-insensitive strains of lactococci have uncovered the genetic basis for bacteriophage resistance (6, 26, 31, 32-34, 46, 48) . Currently, three types of natural phage defense mechanisms are known and include prevention of phage adsorption (Ads) (8, 51) , restriction and modification (R/M) (3, 4, 9, 10, 15, 19, 50, 59) , and abortive infection (Abi; also designated Hsp or Rbs in some published reports [2, 6, 7, 9, 10, 12, 20, 25, 27, 35, 38, 44, 46] ). All three classes of resistance are commonly encoded by plasmid DNA elements. In some cases, the genes encoding R/M and Abi exist on the same plasmid, providing complementary defenses (6, 9, 16, 32, 34) . In other cases, multiple R/M systems exist within a single strain and provide elevated levels of phage restriction (3, 4, 10, 29) .
The development of gene transfer systems in lactococci (37, 45) has provided opportunities to construct strains with improved characteristics. The existence of conjugal transfer (Tra+) and phage resistance (Abi or Hsp or R/M) determinants on plasmids such as pNP40 (Tra+ Abi+), pTR2030 (Tra+ Hsp+ R+/M+), pTN20 (Tra+ R+/M+), pCI1750 (Tra+ Abi+), and pAJ1106 (Tra+ Hsp+) facilitates the construction of phage-resistant starter strains by using simple conjugal strategies (6, 15, 19, 27, 28, 44, 46, 54, 58) . Transconjugants carrying pTR2030 (Hsp+ R+/M+) have survived prolonged use in milk fermentations (48, 52) . Phages resistant to the Hsp and R/M mechanisms have now been detected (1, 17, 18) Traditional starter culture programs have depended on the rotation of numerous lactococcal strains to minimize failures due to bacteriophage attack (21, 31, 42) . When lytic phage appear in whey samples during a defined starter culture rotation program, new strains which are ideally unrelated and not attacked by the same phage species or strains are incorporated into the rotation scheme. In many cases, the longevity and starter activity of complex strain rotations are unpredictable and can lead to early failure, especially when a phage-related strain is unknowingly added to the rotation sequence (40, 61) . Prolonged rotations involving numerous strains increase the level and diversity of phages contaminating the plant (13, 61) , thereby also increasing the genetic potential through which new phages may emerge. Multiplestrain starter culture programs, which rely on composites of five to six phage-unrelated strains, have been very successful because fewer strains are used and this in turn limits phage diversity and population levels in the plant (39, 41, 61) .
With the ability to genetically construct phage-resistant lactococci, strategies can now be based on differences between defined mechanisms. In this study, we have developed and evaluated a novel approach for culture rotation by using isogenic derivatives from a single strain which harbor different phage defense mechanisms. Alternating the type or specificity of mechanisms was used to protect one bacterial host strain by suppressing the development of new phages which may be resistant to any single mechanism or group of mechanisms.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. The bacterial strains, plasmids, and bacteriophages used in this study lactis subsp. lactis NCK203 (1, 19) . Bacteriophage titers were determined as described previously (60) . Several composite populations of phages were used in this study. Composite HS (HS, Hsp-sensitive phages) was composed of 20 individual commercial whey composites and contained approximately 160 independently isolated phages, none of which could form plaques on strain NCK204 containing pTR2030. Phage composite HR2 or HR3 consisted of composite HS plus an additional composite containing phages active on L. lactis subsp. lactis NCK204 (Hsp+ R+/M+). The phages were designated Hspr and added to the HS composite (10-6 PFU/ml on NCK203) so that Hspr phages, capable of plaquing on NCK204, would be present at titers of 10 PFU/ml (composite HR2) and 103 PFU/ml (composite HR3).
Conjugation and phage resistance. Conjugation was conducted by using agar surface matings, and Lac' transconjugants were selected on lactose indicator agar as described by McKay et al. (45) . The following antibiotics were used to select recipients from mating mixes: spectinomycin, 300 pug/ml; rifampin, 50 Ftg/ml; streptomycin, 1,000 ,ug/ml; and erythromycin, 1.5 ,ug/ml. The phage resistance and sensitivity of transconjugants were evaluated on the basis of efficiency of plaquing (EOP) and plaque morphology, as described previously (35) . Plasmid analyses (54) were conducted on transconjugants to confirm the acquisition of phage resistance plasmids.
SATs. The starter culture activity test (SAT) described by Heap and Lawrence (12, 14) was conducted in test tubes containing 10 ml of 11% reconstituted skim milk supplemented with 1% glucose and 0.25% Casamino Acids. Milk tubes were steamed for 1 h, cooled to 30°C, and inoculated with 0.2 ml of culture. Each culture was propagated for 16 h at 22°C in milk prior to the inoculation of milk tubes for the activity test. Starter activity was evaluated on the basis of the final pH achieved after the SAT. The time and temperature incubation profile of the SAT was 100 min at 30°C, 190 min at 40°C, and 100 min at 30°C. Two types of phage supplements were used in the SATs. In the experiments using whey-only supplements, 200 ,l of a phage preparation was added to freshly inoculated milk cultures. Thereafter, 200 ,u of whey from the previous cycle was added at the beginning of subsequent cycles. In the second procedure, designated phage plus whey supplements, 200 ,ul of the original phage preparation was added initially to the freshly inoculated milk cultures; at the start of every consecutive cycle thereafter, 100 ,ul of whey from the previous cycle along with 100 RI of the original phage preparation was added. Rotation sequences were terminated when strains c EOP for small isomeric phage 4)31.
failed to lower the milk pH below 6.0, and high levels of phage were detected (108 to 109 PFU/ml). Determination of whey bacteriophage titer. Whey samples were prepared by the addition of 0.5 ml of 10% lactic acid to coagulated cultures after completion of the SAT. The coagulated cultures were vortexed, and a 1.5-ml sample was dispensed into a Microfuge tube. Whey was obtained after centrifugation in an Eppendorf Microfuge for 5 min at 10,000 rpm. Whey dilutions (10 ,ul of 10-1 to 10-8 dilutions) were spotted on a sensitive indicator lawn ofL. lactis subsp. lactis NCK203 prepared by using an agar overlay technique described previously (60) . Initial phage titers for each cycle were determined by using the procedure described above for milk with added phage or whey only. Bacteriophage titers were estimated on the basis of the number of plaques formed per 10-,ul volume of whey preparation and reported to the nearest order of magnitude. The lowest detectable limit was 102 PFU/ml.
Starter rotation sequences. The strain rotation sequences evaluated and order of strains used in each are given in Table  2 (Fig. 1) . Whey only was added to each subsequent cycle of the SAT. When 103 PFU of 431 per ml was present initially, significant levels of phage developed (107 PFU/ml) within the first cycle (Fig. 1A) . Sequence A failed after the second cycle, and culture activity was inhibited (pH 6). When 102 PFU of 431 per ml was present initially, some phage development was evident upon the first two cycles. However, phage levels were reduced by the third cycle, and culture activity (at pH 5.3 to 5.4) was maintained throughout nine cycles (Fig. 1B) . These data indicated that the rotation of R/M systems encoded by pTN20, pTRK11, and pTRK68 was effective at protecting the background host L. lactis subsp. lactis NCK203 if the initial levels of phage contamination did not exceed 102 PFU/ml. Reduction in phage levels by rotation of strains encoding abortive infection defense systems. In the sequence B rotation (R/M I, R/M II, H), L. lactis subsp. lactis NCK204 (Hsp+ R+/M+; bearing pTR2030) was substituted for an R+/M+ strain in the third cycle (Table 2 ). This sequence was initiated with 106 PFU of 431 per ml, followed by the whey-only supplement in subsequent cycles. Minimal culture activity occurred in the first two cycles of the SAT when the R+/M+ strains NCK347 and NCK346 were used (Fig. 2) .
Phage was not being significantly inhibited, and titers reached high levels of 108 PFU/ml after the first two cycles. When NCK204 (bearing pTR2030) was encountered in the third cycle, the phage populations were reduced from 106 to 103 PFU/ml. Thereafter, rotation of R+/M+ and Hsp+ strains proceeded through nine cycles of the SAT without loss of culture activity or buildup of phage.
Since in this experiment L. lactis subsp. lactis NCK204 harboring pTR2030 reduced a high initial phage population to lower levels, NCK204 was subsequently used to initiate rotation sequence C (H, R/M I, R/M II). Phage 431 was added to the first cycle at levels of 106 PFU/ml; whey only was added in each additional cycle. Figure 3 shows that phage 4)31 populations were reduced from 106 to 103 PFU/ml after the first cycle. Starter culture activity was maintained (pH 4.9 to 5.4) throughout all rotations, and phage levels were held to below 102 PFU/ml after the third cycle. Regardless of whether the R+/M+ strains restricted 4)31 at EOPs of 10-3 to 10-4 (Fig. 3A , RI and RII) or 10-5 ( Fig. 3B ; RIV and RV), acceptable activity occurred through nine cycles of the SAT. If the R+/M+ strains used in sequence C or D (NCK347 and NCK346 or NCK326 and NCK348, respectively) were replaced with the 431 propagating host L. lactis subsp. lactis NCK203, culture failure occurred within three cycles as a result of high phage levels (108 PFU/ml) (data not shown).
Inhibition of an Hsp-resistant phage by rotation of Hsp+ and R+/M+ strains. Rotation sequence D (H, R/M IV, R/M V) was challenged with phage 448, designated Hspr since it is resistant to the abortive defense mechanism (Hsp) which is encoded by pTR2030 (1) . The pTR2030-encoded R/M system still restricts 4)48 at an EOP of 10-3 (1, 19 (4)48-propagating host) after the first NCK204 cycle resulted in culture failure within three cycles when initial 448 levels were 102 or 104 PFU/ml (data not shown). Therefore, rotations that cycled R/M mechanisms could prevent the accumulation of phages resistant to the abortive defense mechanism only if low levels of the Hspr phage were encountered initially.
Starter culture activity in the presence of high-titer industrial phage composites. The sequence D rotation (H, R/M III, R/M IV) was evaluated for fermentative activity and longevity in the presence of phages isolated from the cheesemaking environment (Table 4) . High-titer phage composites (composites HS, HR2, HR3; Table 1 ), prepared from commercial whey samples, were inoculated into the first cycle. In each subsequent cycle, whey from the previous cycle was either added alone (-) or added with the original phage composite (+). When sequence D was challenged with composite HS (+), activity was maintained (pH 5.0 to 5.4) over nine cycles (Table 4) . If the NCK204 (Hsp+ R+/M+) cycle was followed by a phage-susceptible host (L. lactis subsp. lactis NCK203), failure occurred in the second cycle. Therefore, the sequence D rotation performed adequately in the presence of high-titer industrial phage composites which were added to each of the nine cycles of the SAT.
The rotation sequence was also challenged with composite HR2 (Table 4) over nine cycles when whey from each cycle was supplemented with composite HR2. Rotation sequence D maintained activity when the phage composite HR3 was not added to the whey generated after each cycle. Sequence D failed after three cycles when whey was supplemented with composite HR3 (including 103 PFU/ml of Hspr phage) and added to the beginning of each rotation cycle (Table 4) . When NCK204 (harboring pTR2030) was followed by cycles of only the phage-sensitive host (NCK203) or if NCK204 was used repeatedly, starter failure occurred within the second cycle.
DISCUSSION
One of the primary methods used today to limit phage development in commercial cheesemaking is to rotate starter strains. Ideally, strains are selected to be sensitive to different phages (22-24, 31, 42, 43, 61, 62) , and, thus, the success of the method depends on the successful identification of strains which are not attacked by the same phage strains and species. History has proven, however, that it is difficult to identify truly phage-unrelated strains and accumulate a sufficient number of them to run complex rotation programs. Secondly, there are only a limited number of strains which are available that remain insensitive to phage long enough to make their introduction into factories worthwhile (12, 21, 39, 53) . Although some strains are not attacked by existing phages when first introduced, a virulent phage will usually appear and build up within the plant (12, 13, 31 (Table 2 ); H, NCK204; S, NCK203 (phage-sensitive host).
c Starter failure defined at a final pH of 6.0 to 6.5.
The phage defense rotation strategy (PDRS) evaluated in this study differs from conventional rotations because a single bacterial host background is used throughout. Therefore, all of the strains used in the PDRS rotation are essentially phage related and susceptible to attack by the same phages and phage species. The PDRS relies on the rational incorporation of different phage resistance mechanisms into this host background and then rotation of phageresistant derivatives thereof in a specific sequence which maximizes any complementarity between defense mechanisms. The model rotation sequence D withstood nine rotation cycles when challenged with a commercial whey composite containing approximately 160 independently isolated phages from commercial sources, including Hspr phages which are resistant to the abortive mechanism encoded by pTR2030. A rotation sequence based on alternating phage resistance mechanisms within a single isogenic host background is a new concept which can be immediately applied to commercial starter culture programs.
L. lactis subsp. lactis NCK204 was able to retard phage development in a manner typical of transconjugants bearing the pTR2030 plasmid (28, 54, 58) . Initiating the sequence with NCK204 (Hsp+ R+/M+) acted as a cleansing step which effectively reduced the number of phage present in the milk system from an initial level of 106 PFU/ml to a final level of 103 PFU/ml after the first cycle. A previous report has shown that pTR2030 transconjugants derived from L. lactis subsp. cremoris M43, KH, and HP significantly reduced phage levels from their initial titers during SATs (54) . This occurs since the pTR2030 transconjugants with R+/M+ and Hsp+ activities first adsorb phage particles and then either restrict incoming phage DNA or, if that fails, abort the infection at some later point in the lytic cycle (55) . The abortive action kills the infected cells and in essence entombs any developing progeny phage (34, 36, 56) . This phage trap creates a powerful barrier to phage proliferation and thereby minimizes the genetic potential for the appearance of new phages by mutation, recombination, and host-dependent phage replication.
Genetic addition strategies (6, 11, 26, 34, 48, 52 ) that combine abortive and R/M defenses can be used to create strains containing internal defense systems of unique specificity. The various results generated over the course of this study bear out the importance of both R/M systems, abortive systems, and their combination when designing derivatives for the PDRS. Higher levels of phage or the repeated use of any one R/M system leads to the development of modified phage populations capable of halting acid production. These observations confirm previous studies which have demonstrated the limitations of R/M systems in protecting strains in SATs (47, 49) . Incorporation of the abortive mechanism Hsp+ into one cycle of the rotation complements the activity of R+/M+ by reducing the initial level of phage contamination (106 PFU/ml) to a low level (103 PFU/ml) where R+/M+ strains are effective at holding down subsequent phage development. In turn, R+/M+ strains complement the Hsp+ strain by inhibiting the development of Hspr phages. Therefore, the rotation of different mechanisms can serve to limit the emergence of phages that would otherwise develop upon the continuous use of any one strain. Rotation sequences can be rationally designed so that modified phage generated from one R/M host are restricted at the maximum level in the next cycle by a host carrying an R/M system of different specificity. Targeting different steps in the phage lytic cycle with different abortive resistance mechanisms could further optimize phage inhibition and, therefore, minimize the appearance and buildup of new virulent phages within the plant.
Another feature of the PDRS is that the same host background can be used continuously throughout the rotation sequence, and this provides a number of important advantages. First, highly specialized strains could potentially be protected during continuous use in a threatening fermentation environment. For example, this could expand the usefulness of those industrial strains with optimum levels of fermentative and organoleptic activities or a novel valueadded strain created through biotechnology. Second, prolonged use of fewer strains via the PDRS will limit the number of different lactococcal strains (i.e., host backgrounds) required to maintain cheesemaking. As fewer strains are used, the diversity of phage populations found within cheese plants drops dramatically (61) and the potential for the emergence of new phages also decreases (12) . Third, the appearance of new phages in a plant can be monitored easily by using the original parental strain as the sensitive indicator for screening whey samples. The development or buildup of any phages capable of replication on any one of the derivatives of the PDRS could be readily detected by assays against the original host, which is comparatively more phage sensitive. Traditional culture rotations monitor phage populations in plants by using as many as 20 to 50 different indicator strains on a daily basis. The use of a single indicator strain would greatly reduce the amount of work required to monitor emerging phage populations and increase the sensitivity at which virulent phages against that host background are detected.
The concept of a PDRS developed herein is an innovative approach for starter rotations. The strategic use of different mechanism types and specificities enabled us to control unpredictable phage populations which originated from the cheesemaking environment. This approach to starter protection allowed the use of a single isogenic strain over a prolonged rotation period in a laboratory SAT that mimics the conditions encountered in commercial cheesemaking. Delivery of these same phage defense mechanisms into a second or third host background could provide favorable protection against phages homologous for that host. Naturally occurring plasmids which encode phage defense mechanisms are abundant in lactococci and can be employed immediately to construct resistant derivatives for the PDRS. In addition, there are unlimited opportunities to employ some of the more novel mechanisms of phage resistance that are possible through the application of recombinant DNA technologies. Included among these are antisense RNA constructions (5, 30) and the use of phage origins of replication in trans to compete for essential phage DNA replication factors (16) . Both of these mechanisms abort phage infections by disrupting the lytic cycle after infection and, therefore, offer additional opportunities for genetic designs to capture, trap, and eliminate phages from fermentation environments. The ability of suspected antisense constructions to trap and reduce phage populations in SATs was noted recently by Kim et al. (30) . We have noted previously that abortive mechanisms in general can be used in this capacity (34, 36, 54, 55) and now illustrate how they can serve as one component of a rationally designed rotation strategy to protect lactococcal strains and prevent the emergence of new phages in fermentation environments.
In the future, our ability to utilize desirable and highly specialized strains in the industry will be dictated by the phage defense strategies available which can protect their long-term and continuous use. The PDRS takes advantage of our current abilities to construct phage-resistant derivatives with multiple mechanisms of defense and then use them in a rotation scheme designed to prevent the emergence and proliferation of new virulent phages.
